that encodes a neuropeptide that activates cAMP sigWe found that slo-1 mutants, which were previously naling (Moore et al., 1998). These studies suggest that recognized as having slightly uncoordinated movemultiple neuronal pathways contribute to the behavioral ment, are highly resistant to ethanol in two behavioral responses to ethanol, and they have great potential for assays. Numerous loss-of-function slo-1 alleles emerged defining the nature of intrinsic genetic susceptibility to from our screens, indicating that slo-1 has a central alcohol effects. However, they do not necessarily idenrole in ethanol responses. slo-1 encodes the BK potastify direct targets. Ethanol sensitivity or resistance could sium channel. Electrophysiological analysis shows arise from mutations in modulators of the ethanol tarthat ethanol activates the channel in vivo, which would gets, mutations in the neural pathways for ethanol sensiinhibit neuronal activity. Moreover, behaviors of slo-1 tivity, or mutations that affect the specific behavior being gain-of-function mutants resemble those of ethanolmeasured. Therefore, it is important to demonstrate diintoxicated animals. These results demonstrate that rect ethanol sensitivity of these genetically defined canselective activation of BK channels is responsible for didate molecules. acute intoxicating effects of ethanol in C. elegans. BK Here we show that ethanol causes behavioral intoxichannel activation may explain a variety of behavioral cation in C. elegans at the same doses that cause intoxiresponses to ethanol in invertebrate and vertebrate cation in humans and other mammals. In two indepensystems. dent saturation screens for ethanol resistance, we identified a high frequency of loss-of-function mutations Introduction in a single gene, slo-1. slo-1, which derives its name from the Drosophila ortholog, slowpoke, was previously Ethanol is a widely used and abused drug, but the molecshown to encode a calcium-activated large conducular mechanisms that drive its acute behavioral effects tance BK potassium channel ( 
sedative, consistent with the sedative effects of ethanol in other animals.
The mechanism of penetration of ethanol and other neuroactive compounds into C. elegans is not known. C. elegans has very low permeability to exogenous chemicals, therefore it is likely that the ethanol concentration inside the animal is lower than that in the medium. To test this possibility, we measured ethanol concentrations in whole-animal extracts following a typical exposure (22 min). Internal concentrations of ethanol for animals exposed to 400 mM and 500 mM ethanol were 22 Ϯ 0.8 mM and 29 Ϯ 0.5 mM, respectively. These concentrations are comparable with ethanol levels associated with intoxication in humans; 0.1% blood alcohol, a common legal driving limit, corresponds to 21.7 mM ethanol in blood.
To identify genes that mediate the behavioral responses to ethanol, we sought mutants that were resistant to the effects of ethanol on either locomotion or egg laying. By conducting screens based on both behaviors, we hoped to identify targets directly involved in the ethanol response rather than elements specific to one behavioral network. Following mutagenesis, ‫005,01ف‬ haploid genomes were screened for locomotion in the presence of ethanol, and ‫000,01ف‬ additional haploid genomes were screened for the ability to lay eggs in the presence of ethanol. Twenty-eight mutants belonging to nine complementation groups (genes) were isolated from the two screens. Eight mutants were isolated based on resistance to the effects of ethanol on locomotion ("locomotion-resistant") and twenty mutants were isolated based on resistance to the effects of ethanol on egg laying ("egg laying-resistant").
Loss-of-Function Mutations in slo-1 Result in Strong Resistance to Ethanol
A detailed behavioral analysis of the ethanol-resistant mutants immediately focused our attention on one com- mutants. We identified mutations in the slo-1 gene in and 1B). Locomotion and egg laying are under the coneach of four sequenced ethanol-resistant mutants. The trol of separate neuromuscular networks, suggesting point mutation in eg73 (G289ϾE) is identical to the prethat ethanol acts on multiple cell types in C. elegans.
viously described mutation, slo-1( md1715), which was shown to be functionally inactive when expressed in These general effects can be viewed as depressive or The mean relative speed of wild-type animals (N2) and various mutant or transformed strains is shown (Ϯ SEM). Transformed slo-1( js118 ) animals carrying an extrachromosomal array (Ex) with Psnb-1::slo-1(ϩ) (neuronal) or Pmyo-3::slo-1(ϩ) (muscle) express the slo-1 cDNA tissue-specifically. (B) Egg laying sensitivity to ethanol (500 mM). The mean relative frequency of egg laying of wild-type animals and various mutant or transformed strains is shown (Ϯ SEM). Symbols in A and B indicate the statistical significance of the differences between N2 and other strains (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001) and the differences between slo-1( js118 ) and other strains ( †, P Ͻ 0.05; † †, P Ͻ 0.01; † † †, P Ͻ 0.001).
oocytes (Wang et al., 2001 ). The mutation eg142 creates preclude the formation of an ion-conducting channel pore and is likely to be a null mutation. The point mutaa translation-termination codon early in the first transmembrane domain (W46ϾSTOP). This mutation would tions eg7 (E286ϾK) and eg24 (G841ϾR) affect absolutely We tested animals bearing transgenic DNA arrays that 4.8, P Ͻ 0.01) and egg-laying ( t 7 ϭ 33.7, P Ͻ 0.0001) express slo-1(ϩ) in these neurons, in an otherwise slo-1 (Figures 2A and 2B) . mutant background ( js118). We observed a significant The basal speed of slo-1 mutants in the absence of increase in sensitivity to ethanol ( slo-1( js118): relative ethanol was the same as that of wild-type animals or speed ϭ 64.2 Ϯ 4.3%; slo-1( js118);egEx[Pacr-2::sloslightly slower (Figure 3 and Supplemental Data at http:// 1(ϩ) Punc-25::slo-1(ϩ)]: 39.8 Ϯ 2.3%, t 7 ϭ 2.8, P Ͻ 0.05). www.cell.com/cgi/content/full/115/6/655/DC1). SimiAlthough the extent of the rescue of ethanol sensitivity larly, slo-1 mutants had similar or reduced rates of egg may be affected by the level of expression of slo-1, laying in the absence of ethanol compared with wildthese results indicate an essential role of these particular type animals (see Supplemental Data). Thus, the ethanol neurons that are known to generate locomotion in the resistance of the slo-1 mutants cannot be accounted for SLO-1-mediated response to ethanol. by nonspecific increases in basal speed and egg laying.
Neuronal expression of slo-1(ϩ) in slo-1( js118) mutant Ethanol resistance could arise from changes in ethaanimals partially restored ethanol sensitivity for egg laynol metabolism or changes in the ethanol response. To ing ( Figure 2B ). Muscle-specific expression (body and distinguish between these possibilities, we measured vulval muscles) of slo-1(ϩ) in slo-1( js118) mutant anithe internal ethanol concentrations in wild-type and mals produced an egg-laying defective phenotype, slo-1( js118) animals exposed to the same ethanol condiprobably because of SLO-1 overexpression. This defect tions. No significant differences were observed at 400 interfered with the test for ethanol sensitivity for egg and 500 mM ethanol (n ϭ 6, t 3 ϭ 0.073, P ϭ 0.94), showing laying. These results suggest that SLO-1 acts in neurons that the ethanol resistance displayed by slo-1 mutants to confer ethanol sensitivity on egg laying, but we cannot is not due to decreased penetration of ethanol or inexclude an additional SLO-1 function in muscles for creased ethanol metabolism. this behavior. We tested whether the resistance to behavioral depression shown by the slo-1 mutants was specific for Hyperactive Neurotransmission Does Not Cause ethanol. We examined the sensitivity of N2 and two slo-1 Ethanol Resistance mutants to serotonin and muscimol, a GABA receptor In C. elegans, a lack of the SLO-1 potassium channel agonist, which also cause decreased rates of locomoleads to hyperactive neurotransmission ( The magnitude of the whole-cell outward-rectifying current was much greater in CEP neurons in wild-type animals (98.5 Ϯ 17 pA/pF at ϩ86 mV, n ϭ 25) than in neurons in slo-1(Ϫ) mutants ( eg73: 51.1 Ϯ 7.1 pA/pF at ϩ86 mV, t 30 ϭ 2.59, P Ͻ 0.02, n ϭ 9; js118: 45.7 Ϯ 5.3 pA/pF at ϩ86 mV, t 28 ϭ 2.98, P Ͻ 0.01, n ϭ 6), suggesting that the mutants were missing a SLO-1-dependent current ( Figures 5A and 5B ). The differences in size of the currents could not be explained by differences in cell size because capacitance measurements for neurons in the wild-type and slo-1 mutant animals did not differ ( . Second, the reversal potential for these currents (Ϫ56.9 Ϯ 3.5 mV) in asymmetrical saline is close to the equilibrium potential for potassium (Ϫ61.8 mV), suggesting that these channels are selective for potassium. Third, these single-channel currents were absent in slo-1(Ϫ) mutants (65% of 37 wild-type CEP neurons demonstrated BK-channel activity versus 0% of 12 CEP neurons for js118 and 0% of 12 CEP neurons for eg73). Fourth, the SLO-1-dependent current was reduced by elegans SLO-1 channel in vivo, we applied ethanol at Ethanol could bring about its major behavioral effect by activating the SLO-1 channel, and thus strong resispharmacologically relevant doses while recording wholecell currents from CEP neurons ( Figures 6A and 6B ). tance to the behavioral effects of ethanol results when the SLO-1 channel is absent or nonfunctional. To adEthanol selectively and reversibly increased the amplitude of the outward-rectifying current in all neurons in dress this hypothesis, we used in vivo patch-clamp recording to identify a SLO-1-dependent current in C. elewild-type animals at two concentrations (20 mM ethanol: 20 Ϯ 4% at ϩ86 mV, t 3 ϭ 6.9, P Ͻ 0.05, n ϭ 4; 100 mM gans neurons. Different classes of C. elegans neurons are expected to have different profiles of currents ethanol: 29 Ϯ 5% at ϩ86 mV, t 6 ϭ 5.7, P Ͻ 0.001, n ϭ 7). By contrast, ethanol had no effect on currents in slo-(Goodman et al., 1998). To ensure that we could detect differences in membrane currents that were due to mu-1(Ϫ) mutants ( Figures 6A and 6B) . The increase in current in wild-type neurons was not observed after the applicatations and not to differences between neuronal classes, we examined currents in a single class of neurons. We tion of 100 mM dextrose, indicating that it is not a nonspecific effect of changing the external solution (Figchose the class of four dopaminergic CEP neurons because preliminary experiments showed that they are ure 6B).
To determine whether ethanol can activate the SLO-1 relatively easy to dissect and that they exhibit a BKlike current.
channel directly in the absence of cytosolic factors, we recorded the single-channel activity of SLO-1 in patches excised from CEP neurons. Ethanol (20 mM in Figure  6C and 100 mM, data not shown) reversibly increased the frequency of channel opening (P open measured at ϩ86 mV for control: 0.098 Ϯ 0.017; and 100 mM EtOHtreated: 0.169 Ϯ 0.030, t 5 ϭ 5.5, P Ͻ 0.001, n ϭ 6), but did not appear to alter the average size of the BK conductance. Dextrose (100 mM) had no effect on SLO-1 single-channel activity (n ϭ 3, data not shown). Ethanol activation of the SLO-1 current was also observed in motor neurons that directly control locomotion. Recordings of excised patches from VA motor neurons (n ϭ 5) in wild-type animals ( Figure 6D ) showed single-channel activity with similar magnitude and sensitivity to iberiotoxin as the SLO-1-dependent activity observed in CEP neurons. Whole-cell recordings of VA motor neurons showed that 100 mM ethanol produced a 46.6 Ϯ 9.7% increase in an iberiotoxin-sensitive outward current at ϩ86 mV (t 2 ϭ 4.8, P Ͻ 0.05, n ϭ 3). Significant activation of SLO-1-dependent currents was also observed in other neurons, including AVA and SAB interneurons (data not shown).
These results show that ethanol can activate the SLO-1 channel in vivo. SLO-1 activation, in turn, should inhibit neuronal excitability and reduce transmitter release. The absence of the SLO-1 channel activity in slo-1 mutants provides a mechanism for resistance to the behavioral effects of ethanol. higher open probability in comparison with events for wild-type animals ( Figures 7C and 7F) . The choppy channel in vivo, we examined SLO-1-dependent currents in these mutants. Whole-cell recordings from CEP whole-cell currents for ky399gf were reflected in choppy single-channel events. Neither the unitary channel conneurons showed that the outward-rectifying current was increased in the two mutants ( Figures 7B and 7D : averductance ( Figure 7E : N2: 37.9 Ϯ 0.75 pS, ky389gf: 38.9 Ϯ 1.1 pS, ky399gf: 38.12 Ϯ 0.654 pS in asymmetrical saline: age whole-cell currents at ϩ86 mV: N2: 98 Ϯ 1.1 pA/pF, n ϭ 28; ky389gf: 150.7 Ϯ 19.8 pA/pF, n ϭ 8, t 33 ϭ 1.8, 15 mM K ϩ out :173 mM K ϩ in , F 2,27 ϭ 0.355, P ϭ 0.7, n ϭ 10 for each), nor the density of channels, as assayed by P Ͻ 0.05; ky399gf: 157.1 Ϯ 13.9 pA, n ϭ 8, t 33 ϭ 2.3, P Ͻ 0.05). Also, whole-cell currents for the ky399gf muthe average number of channels detected in patches (N2: 1.73 Ϯ 0.19, ky389gf: 1.64 Ϯ 0.20, ky399gf: 1.67 Ϯ tant were more "choppy" and had a slower time course of relaxation for tail currents than those for ky389gf 0.22, F 2,31 ϭ 0.054, P ϭ 0.9, n Ͼ 10 for each), differed significantly between the wild-type and mutant animals. mutant and wild-type animals. Single-channel events recorded from excised patches of CEP neurons were Ion selectivity of the mutant channels appeared unaltered compared to wild-type because each channel type similar in magnitude for mutant and wild-type ( Figure  7C ) and in sensitivity to iberiotoxin (data not shown).
Gain-of-Function Mutations in slo-1 Result in Behavioral Depression
had a wild-type reversal potential ( Figure 7E ). These results support the hypothesis that slo-1( ky389gf ) and Single-channel events for the two mutants exhibited a slo-1( ky399gf ) mutations result in increased SLO-1 mutations conferred a unique high level of resistance to the effects of ethanol in two different behavioral channel activity.
Sequencing of the slo-1 gene from ky389gf animals assays. At a pharmacological level, ethanol activates a large conductance potassium channel, also known as identified a mutation that results in a threonine to isoleucine substitution at amino acid position 1001 ( 
